The binary H 2 SO 4 −H 2 O nucleation is one of the most important pathways by which aerosols form in the atmosphere, and the presence of ternary species like amines increases aerosol formation rates. In this study, we focus on the hydration of a ternary system of sulfuric acid (H 2 SO 4 ), methylamine (NH 2 CH 3 ), and up to six waters to evaluate its implications for aerosol formation. By combining molecular dynamics (MD) sampling with high-level ab initio calculations, we determine t he thermodynamics of forming H 2 SO 4 (NH 2 CH 3 )(H 2 O) n , where n = 0−6. Because it is a strong acid−base system, H 2 SO 4 −NH 2 CH 3 quickly forms a tightly bound HSO 4 − −NH 3 CH 3 + complex that condenses water more readily than H 2 SO 4 alone. The electronic binding energy of H 2 SO 4 −NH 2 CH 3 is −21.8 kcal mol −1 compared with −16.8 kcal mol −1 for H 2 SO 4 −NH 3 and −12.8 kcal mol −1 for H 2 SO 4 −H 2 O. Adding one to two water molecules to the H 2 SO 4 −NH 2 CH 3 complex is more favorable than adding to H 2 SO 4 alone, yet there is no systematic difference for n ≥ 3. However, the average number of water molecules around H 2 SO 4 −NH 2 CH 3 is consistently higher than that of H 2 SO 4 , and it is fairly independent of temperature and relative humidity. a Clusters correspond to the G 0 (298.15 K) global minima. b RI-MP2/CBS with anharmonicity corrections to the ZPVE and vibrational entropy and enthalpy. The G 0 (298.15 K) global minima in the current work are 0B, 1J, and 2A. c Ref 38. PW91/6-311+G(3df,3pd) without anharmonicity corrections d Ref 15. RI-CC2/aug-cc-pV(T+d)Z//RI-MP2/aug-cc-pV(D+d)Z without anharmonicity corrections The Journal of Physical Chemistry A Article dx.doi.org/10.1021/jp500015t | J. Phys. Chem. A 2014, 118, 7430−7441 a RI-MP2/aVDZ, RI-MP2/aVTZ//aVDZ, and RI-MP2/aVQZ//aVDZ binding energies extrapolated using eq 1. b All energies are in kilocalories per mole. c ZPVE, ΔH vib (216.65 K), ΔH vib (273.15 K), ΔH vib (298.15 K), S vib (216.65 K), S vib (273.15 K), and S vib (298.15 K) scaled by 0.
INTRODUCTION
Atmospheric aerosols, particulates suspended in air, affect the global climate directly and indirectly. 1 Their net cooling effect of −1.2 ± 1 W m −2 is almost comparable to the warming effect of greenhouse gases, 1.7 ± 0.2 W m −2 . 2 One of the most important vapors leading to the formation of secondary aerosols is sulfuric acid. Sulfate aerosols have a large cooling effect on the global climate of about −0.4 ± 0.2 W m −2 . 2 While primary aerosols are released directly into the atmosphere, secondary aerosols form through the interaction of different constituent vapors present in the atmosphere. 3 New particle formation (NPF) occurs when condensable vapors nucleate to form metastable molecular clusters, which grow to produce nanometer-sized aerosol particles under certain conditions. As evidenced by the direct correlation between its concentration and nucleation rates, sulfuric acid is the main driver of NPF. 4−9 However, both field and lab measurements have shown that binary homogeneous nucleation (BHN) of sulfuric acid and water by itself cannot explain the rate of NPF observed, particularly in the lower regions of the troposphere. 10−12 Ternary bases like ammonia and amines 13−18 and organics 19−22 enhance the nucleation rate. The role of charged particles (ioninduced nucleation) 23, 24 is expected to be minimal in the lower troposphere, 11, 25 even though it might be important in the upper troposphere and lower stratosphere. 26 Sulfuric acid drives the formation of secondary aerosols through BHN and ternary homogeneous nucleation (THN) involving a third (ternary) component such as ammonia, amines, or organic acids. 13, 27 The sources of organic nitrogen in the atmosphere have been recently reviewed. 28, 29 Ge, Wexler, and Clegg have compiled 154 atmospherically relevant amines, 32 amino acids, and urea and summarized their sources, fluxes, gas-phase reactions, and role in NPF and growth. 29−31 The main sources of methylamine (MA) are animal husbandry, fish processing, industry, automobiles, sewage treatment, biomass burning, bacteria culture, and oceans. 29 The estimated global emission of methylamine is 83 ± 26 Gg N a −1 (10 9 grams per annum or 10 9 grams per year) compared with 50 000 ± 30 000 Gg N a −1 for ammonia, 33 ± 19 Gg N a −1 for dimethylamine, and 169 ± 33 Gg N a −1 for trimethylamine. 32 The role of amines on atmospheric nucleation has been explored computationally and experimentally. In the experimental realm, a 2011 study using the Cosmics Leaving OUtdoor Droplets (CLOUD) chamber at CERN concluded that atmospherically relevant concentrations of ammonia and amines enhanced aerosol nucleation rates by a factor of 100− 1000 in the lower troposphere. 10 The work demonstrated that these bases play an important role in aerosol formation by stabilizing small particles in a process called base stabilization.
The effect of ternary nucleation was much more pronounced at warmer temperatures in the lower troposphere, whereas binary nucleation was more dominant at colder temperatures in the upper troposphere. In the upper troposphere and lower stratosphere, binary nucleation and ion-induced nucleation take place because of the low temperatures and the strong air exchange between troposphere and lower stratosphere. 33 A 2013 update utilizing the same CLOUD chamber further validated the idea of base stabilization by amines as an important mechanism in NPF. 11, 12 The acid−amine pairs stabilize the cluster by preventing evaporation. For a H 2 SO 4 − DMA system, the evaporation rate is small enough that there may not be a nucleation barrier, hence a critical cluster. 12 At an atmospheric concentration of H 2 SO 4 (10 6 to 10 7 cm −3 ), dimethylamine above 3 pptv (∼10 7 cm −3 ) was found to enhance nucleation by 1000-fold or more compared with NH 3 . 12 Other experimental measurements also confirmed the enhancing effect of amines, but the extent of the enhancement was not as large. Yu et al. 18 examined the enhancing effect of five amines (methylamine, dimethylamine, trimethylamine, triethylamine, and tert-butylamine) in a laboratory setting and compared it with that of ammonia. Their multicomponent fastflow nucleation reactor had H 2 SO 4 concentrations of 10 6 to 10 8 cm −3 , amine concentrations of 0.3 to 6.0 ppbv (∼10 10 cm −3 ), relative humidity (RH) of 18−80%, and a temperature of 278 K. They found that both the size and the number concentrations of the particles increased with H 2 SO 4 and dimethylamine concentrations. The enhancement factor of dimethylamine on number concentrations of particles was small (<5) for particles larger than 1 nm, while it was about two orders of magnitude for particles larger than 2 nm. The enhancement factor resulting from the other amines increased with their relative basicity, thereby implying that acid−base reactions play a role in aerosol formation and growth. The basicity of these ternary species is higher than that of NH 3 (pK b = 4.75) and increases in the order trimethylamine (pK b = 4.22), methylamine (pK b = 3.35), tert-butylamine (pK b = 3.32), dimethylamine (pK b = 3.27), to triethylamine (pK b = 3.25). 18 However, other factors such as steric hindrance and the number and strength of hydrogen bonds a base molecule forms can affect its ability to enhance cluster formation. A previous study on THN with NH 3 under atmospherically relevant conditions concluded that its enhancing effect on nucleation rates was less than a factor of 10 compared with BHN 14 and that it varied depending on [H 2 SO 4 ], [NH 3 ], RH, and residence times. 16 Erupe et al. 17 investigated the enhancement resulting from trimethylamine and discovered that its effect is generally moderate and comparable to that of NH 3 . Despite the clear role of ternary species in aerosol formation, the concentration of H 2 SO 4 (typically in the pptv range) remains the key driver even in the presence of ternary bases with much larger concentrations (in the ppbv range). 16 Zhang and coworkers have explored the role of amines in heterogeneous or multiphase aerosol chemistry. 34, 35 Even though the typical concentrations of amines are two to three orders of magnitude smaller than ammonia, they could reach very high levels (hundreds of μg m −3 or many ppm) in areas of large industrial, sewage treatment, or animal husbandry activity. Particularly in these regions of high amine concentration, amines are expected to participate in gas-phase reactions and also in heterogeneous reactions with a condensed or aerosol phase. 35 In the computational realm, Kurteń et al. 15 studied the effect that seven different amines (methylamine, dimethylamine, trimethylamine, ethylamine, diethylamine, triethylamine, and ethylmethylamine) have on neutral and ion-induced nucleation and compared it with that of ammonia. They calculated the binding free energy of these amines with H 2 SO 4 and HSO 4 − using second-order Møller−Plesset theory (MP2) with a higher-order electron correlation correction with the secondorder approximate coupled cluster singles and doubles (CC2) 36 model. They concluded that amines bind more strongly to H 2 SO 4 and HSO 4 − than ammonia does because of their higher proton affinities. Even though amines are typically two to three orders of magnitude less abundant than ammonia in the atmosphere, their strong binding with H 2 SO 4 and HSO 4 − makes them more potent at enhancing overall nucleation than ammonia. Loukonen et al. 37 investigated the hydration of sulfuric acid monomer and dimer bound to ammonia and dimethylamine. They concluded that dimethylamine's strong binding promotes the growth of particles in the sulfuric acid coordinate. Nadykto et al. 38 conducted a similar study on three amines (methylamine, dimethylamine, and trimethylamine) using the PW91/6-311+G(3df,3pd) density functional method. While they agreed that amines are more effective than ammonia at enhancing nucleation, they, unlike Kurteń, 15 concluded that the extent of the difference in binding energies is not enough to overcome ammonia's mass-balance advantage. Therefore, ammonia should play a larger role in NPF than amines. Because the level of theory used in studying weakly bound clusters lead to different results, 39−42 calculations that yield the most accurate estimated values for the free energy of formation of hydrogen-bonded complexes are essential for progress in understanding the beginning steps of aerosol formation. 43, 44 In this work, we focus on the effect of methylamine (MA) on sulfuric acid hydration and its implication for ternary aerosol formation. Most previous experimental and computational studies have been devoted to dimethylamine (DMA) as the amine of interest, and there is no systematic work devoted to methylamine. The estimated global emission of methylamine is 83 ± 26 Gg N a −1 compared with 33 ± 19 Gg N a −1 for dimethylamine. 29 We combine molecular dynamics (MD) simulations to sample configurations and apply high level ab initio methods to calculate the binding electronic and free energy of many stable clusters. On the basis of the Boltzmannaveraged free energies of hydration of these clusters, we calculate the equilibrium distribution of hydrates at atmospherically relevant [H 2 SO 4 ], [CH 3 NH 2 ], temperature, and RH. By comparing these results with the hydration of H 2 SO 4 and H 2 SO 4 −NH 3 , we assess the importance of H 2 SO 4 −CH 3 NH 2 on aerosol formation.
METHODS
To find the most stable configurations of H 2 SO 4 − NH 2 CH 3 (H 2 O) n=0−6 and their thermodynamic properties, we used a scheme combining MD sampling with the ab initio RI-MP2 method. We have applied the MD/MP2 approach to water clusters, ion−water clusters, and atmospheric hydrates successfully in our previous studies. 42−53 We employed AMBER 9 54 for two-step gas-phase MD simulations using the TIP4P 55 water model along with the generalized AMBER force field (GAFF). 56 In the first step, the system was heated from 5 K to a simulation temperature T f over a period of 1 ns. In the second step, the temperature remained at T f for a 10 ns production run. T f is the highest temperature at which the cluster remains intact for the whole 10 ns simulation. For temperature (T f ) was 110, 125, 125, 290, 240, 280, and 280 K for the seven simulations (n = 0−6). We sampled 300 structures from each simulation at even intervals, and these 2100 initial structures were optimized using the RI-MP2/6-31G* method. After removing duplicate structures based on energies and rotational constants, all isomers within 5 kcal mol −1 of the global minimum were selected for further optimization using the RI-MP2/aug-cc-pVDZ (RI-MP2/ aVDZ) method. Of the resulting structures, those within 2 kcal mol −1 of the global minimum were reoptimized with stringent convergence criteria and harmonic vibrational frequencies were calculated at the same RI-MP2/aVDZ level of theory.
Employing Dunning's correlation consistent basis sets, augcc-pVNZ (abbreviated as aVNZ, where N = D, T, Q, ...) 57, 58 allowed for the extrapolation of energies to the complete basis set (CBS) limit. The RI-MP2 CBS limit energies were determined using a 4−5 inverse polynomial extrapolation 59 ) where E N RI−MP2 is an RI-MP2/aVNZ//aVDZ energy, E CBS RI−MP2 is the extrapolated RI-MP2/CBS energy, N is the largest angular momentum number for the aVNZ basis set (N = 2, 3, 4 for N = D, T, Q, respectively), and b and c are constants. The RI-MP2/ CBS electronic energy (E e ) was combined with RI-MP2/aVDZ finite temperature thermodynamic corrections assuming ideal gas conditions with a rigid-rotor approximation for molecular rotations and a harmonic oscillator model for vibrations. Because conventional vibrational scaling factors 60−62 do not work well for hydrogen-bonded systems, 49, 63, 64 we derived scaling factors specifically for hydrates like the current system. To partially correct for anharmonicity, we determined scaling factors that map harmonic ZPVE and thermodynamic corrections to second-order vibrational perturbation theory (VPT2) 65 values invoking simple perturbation theory (SPT), 66 as implemented in Gaussian 09 67 for H 2 SO 4 hydrates. The reason we opted to use the scaling factors from H 2 SO 4 hydrates is because we were unable to get anharmonic vibrational frequencies for H 2 SO 4 −MA hydrates using VPT2. Because of VPT2's limitations such as numerical instabilities in the calculation of the cubic and quartic force constants as well as Fermi resonances, some of the predicted anharmonic frequencies were negative, and their corresponding infrared (IR) intensities were very large compared with their harmonic analogues. Therefore, we chose to use the scaling factors for H 2 SO 4 hydrates because they resembled the H 2 SO 4 −MA hydrates most closely. Using three H 2 SO 4 (H 2 O) and three H 2 SO 4 (H 2 O) 2 isomers as a training set, we found the multiplicative scaling factors for the ZPVE, and vibrational contributions to the enthalpy (ΔH vib ) and entropy (ΔS vib ) at three temperatures of interest in our previous work. 52 The optimal scaling factors for the ZPVE, ΔH vib (216. 65 The binding energy of isomer i (ΔE i ) was calculated as the energy difference between the cluster and infinitely separated constituents
The relative energy (ΔΔE i ) of cluster i was calculated using the global minimum as a reference
The binding [ΔG(T)] and relative [ΔΔG(T)] Gibbs free energies were computed in the same fashion. Standard state conditions are 1 atm pressure and the stated temperature. All molecular graphics were generated with Chimera 1.8 68 43, 52 The lowest energy isomers of H 2 SO 4 −CH 3 NH 2 are shown in Figure 1 . The small difference in the hydrogen bonding geometry of these isomers manifests itself in the large number of low-energy structures for the hydrated clusters.
For H 2 lowest energy isomers. The most stable isomer with H 2 SO 4 − CH 3 NH 2 as an undissociated acid−base system was at least 7 kcal mol −1 higher in electronic energy than the global minimum for H 2 SO 4 (CH 3 NH 2 ). Therefore, acid−base reactions between H 2 SO 4 and CH 3 NH 2 occur even in the gas phase in the absence of water. Water molecules typically play an important role in proton-transfer reactions through aggregation-induced acid dissociation. 70−73 The acid dissociation of strong monoprotic acids requires three to five water molecules. 74 The relative stability of the neutral and dissociated species depends on the proton transfer energy, Coulombic attraction, and hydrogenbond stabilization. 74 For H 2 SO 4 (H 2 O) n=1−6 , the clusters containing the deprotonated H 2 SO 4 become the global minima in terms of E e and G(298.15 K) when n ≥ 4 and n = 6, respectively. 43, 52 The three isomers of H 2 SO 4 (CH 3 NH 2 ) shown in Figure 1 all have two hydrogen bonds (HBs) each.
In the case of isomers 0A and 0B, the two HBs differ significantly in strength and geometry: the HB distances for the stronger and weaker HBs are 1.51 to 1.55 Å and 1.93 to 1.98 Å, respectively. Such differences in HB strength and geometry are not unusual. For example, the lowest energy isomers of H 2 SO 4 (H 2 O) have a primary (strong) and secondary (weak) HB. 52 The strength of the primary and secondary HBs was estimated to be 8 to 9 and 3 to 4 kcal mol −1 , respectively. 75 HSO 4 − (H 2 O) also exhibits a similar pair of strong and weak HBs. 44 Isomers 0A and 0B are nearly isoenergetic, but 0B is more stable once ZPVE and entropic corrections are included. Isomer 0C has two HBs of medium strength, and their HB length is 1.72 Å. In all three isomers, the amine group is donating both HBs and the methyl group is unencumbered. Therefore, the methyl group should be able to undergo hindered or free rotations at most temperatures. The standard binding enthalpy [H 0 (298 K)] and Gibbs free energy [G 0 (298 K)] of structure 0B compare well with that of the G 0 (298 K) global minimum from Kurteń Table 2 . The small differences can be attributed to the levels of theory and basis sets used as well as vibrational anharmonicity corrections.
3.2. Structure and Stability of Hydrates. The structures of all hydrates whose relative RI-MP2/CBS electronic energy (ΔΔE e ) is within 2 kcal mol −1 of the putative global minimum isomer are reported here. The isomers of H 2 SO 4 (CH 3 NH 2 )-(H 2 O) n are ordered in increasing relative energy (ΔΔE e ) and labeled as nA, nB, nC, and so on. Their relative electronic (ΔΔE e ) and standard Gibbs free energy (ΔΔG 0 ) at 298.15 K and 1 atm are also given to assess their relative stability. The binding thermodynamics (Tables S1−S7 in the Supporting Information) and Cartesian coordinates (Tables S17−S23 in the Supporting Information) of each isomer are reported in the Supporting Information. The interested reader can find the binding thermodynamics based on unscaled harmonic values in Tables S10−S16 in the Supporting Information. The 20 isomers of H 2 SO 4 (CH 3 NH 2 )(H 2 O) whose ΔΔE e is within 2 kcal mol −1 of the global minimum (1A) are shown in Figure 2 . As expected, there is a proton transfer from the acid to the base.
The added water forms an HB to HSO 4 − as a donor (D) and another with CH 3 NH 3 + as an acceptor (A). With the exception of isomer 1H, each isomer has three HBs connecting the three constituents. The CH 3 NH 3 + moiety donates strong HBs to HSO 4 − and H 2 O with HB distances of 1.5 to 1.6 Å and ∼1.7 to 1.8 Å, respectively. Even though all isomers have similar hydrogen-bonding properties, the presence of the unencumbered methyl group of methylamine and its orientation relative to the rest of the cluster leads to many nearly isoenergetic minima. The electronic energy global minimum (1A) is energetically favorable at all temperatures up to 298.15 K, but entropic considerations make isomer 1J the most stable structure past 216.65. Nadykto et al.'s 38 PW91/6-311+G-(3df,3pd) global minimum structure does not correspond to any of the low-energy isomers in our work. Nevertheless, the ΔH 0 (298 K) and ΔG 0 (298 K) values agree within 1 kcal mol −1 , as shown in Table 2 .
As shown in Figure 3 , the eight lowest energy isomers of H 2 SO 4 (CH 3 NH 2 )(H 2 O) 2 all have five HBs, each with HSO 4 − accepting two or three HBs and CH 3 NH 3 + donating two or three HBs. The two water molecules are involved as single donor−acceptors (DAs) with the exception of isomer 2G, where one water is a single acceptor-double donor (DDA). In general, the waters bridge HSO 4 − with CH 3 NH 3 + such that the average distance between the two is longer than it was in the case of H 2 SO 4 (CH 3 NH 2 )(H 2 O) n=0−1 . Once again, the global minimum structure reported by Nadykto et al.'s 38 PW91/6-311+G(3df,3pd) work does not correspond to any of the low energy isomers in our work, but the ΔH 0 (298 K) and ΔG 0 (298 K) values agree within 1 kcal mol −1 , as shown in Table 2 . The H 2 SO 4 (CH 3 NH 2 )(H 2 O) 3 isomers in Figure 4 have six to eight HBs, and the most stable isomer (3A) has three bridging waters between the HSO 4 − and CH 3 NH 3 + ions. Because of differences in the strength of the HBs, some isomers that have seven or eight HBs are less stable than 3A that has only six HBs. H 2 SO 4 (CH 3 NH 2 )(H 2 O) 4 has 20 isomers with 7−9 HBs each, as displayed in Figure 5 . Although 4A is the most stable isomer based on its E e , inclusion of ZPVE and finite temperature corrections establishes 4B as the global minimum. Most of the low-energy isomers have HSO 4 − accepting three HBs, but the higher energy ones such as 4H have HSO 4 − accepting a fourth HB. Isomers like 4O and 4S have the hydroxyl group of HSO 4 − donating a HB to a water molecule. As shown in Figure 6 , adding a fifth water leads to further separation of the HSO 4 − and CH 3 NH 3 + species, with the waters playing a bridging role.
Unlike H 2 SO 4 (CH 3 NH 2 )(H 2 O) 4 , the hydroxyl group of HSO 4 − donates an HB to a water molecule only in isomer 5H. The isomers have 10 to 11 HBs each with the exception of 5H, which has 12 HBs but remains entropically unfavorable (ΔΔG 0 = 3.98 kcal mol −1 ). H 2 SO 4 (CH 3 NH 2 )(H 2 O) 5 has unusual stability based on its electronic energy, as demonstrated by the dip in ΔE e in Figure 8 . The reason for this stability is not clear, although a similar pattern has been seen for HSO 4 − (H 2 O) 5 . 44 The HSO 4 6 isomers shown in Figure 7 have 12 to 13 HBs each. In some isomers such as 6B, HSO 4 − is fully hydrogen bonded by accepting four HBs and donating one HB, while it only accepts three HBs in others like 6A. The competition between the two hydrogen-bonding patterns is evident from the comparable number of isomers exhibiting these two motifs. Structure 6A is the E e global minimum, while entropic corrections stabilize 6C with increasing temperature. The bridging role of the water molecules continues just as it did for smaller clusters; the majority of the isomers do not have a direct HB between the HSO 4 − and CH 3 NH 3 + ions. Figure 8 .
The Figure illustrates that the initial formation of an H 2 SO 4 − CH 3 NH 2 complex (n = 0) is highly favorable; however, the subsequent addition of water molecules to an existing cluster is less thermodynamically favorable. The enthalpy change associated with the stepwise addition of waters is highly exothermic with ΔH 0 (T) values of −20 to −8 kcal mol −1 . However, entropic effects limit the stepwise addition of water, particularly for clusters containing more than two water molecules at T ≥ 273 K.
The n = 0 values refer to the reaction of H 2 SO 4 and CH 3 NH 2 to form HSO 4 − CH 3 NH 3 + , which is very favorable thermodynamically. The stepwise addition of the first and second water is also largely favorable, but adding a third water is less favorable, as demonstrated in the spike at n = 3 in Figure 8 . Adding a fourth and fifth water is more favorable in terms of both ΔH and ΔG, even though the trend clearly shows that the extent of stabilization is decreasing with increasing number of waters. The standard Gibbs free energy of stepwise addition (ΔG 0 ) remains negative for n = 0−6 up to T = 273.15 K, while it becomes positive for n = 3 and 6 at T = 298.15 K. One can safely assume that adding water molecules past n = 6 will be unfavorable particularly at higher temperatures.
The comparison of the hydration thermodynamics of H 2 SO 4 (CH 3 NH 2 ) and H 2 SO 4 in Figure 9 provides useful insight about the role of methylamine in these hydrates. The stepwise hydration energies for both sets of clusters are directly comparable because they are calculated using RI-MP2/CBS electronic energies and scaled harmonic thermodynamic values. The main difference in the hydration thermodynamics of H 2 SO 4 (CH 3 NH 2 ) and H 2 SO 4 is for n = 1 to 2, where the presence of methylamine clearly stabilizes the cluster and promotes the addition of the first two waters. For n ≥ 3, the addition of water molecules to existing clusters is no more favorable for methylamine-containing clusters than it is for − and CH 3 NH 3 + do not remain hydrogen bonded as more waters are added. Instead, the water molecules separate the acid and base and form bridging HBs between them. The presence of a methyl group sterically limits methylamine's involvement in hydrogen bonding with water molecules and H 2 SO 4 . Therefore, the ability of methylamine to promote the hydration of sulfuric acid diminishes with an increasing number of water molecules.
The use of scaling factors developed for H 2 SO 4 hydrates to H 2 SO 4 −MA hydrates would slightly overestimate the effect of anharmonicity for the smallest clusters. In fact, we see that the anharmonicity correction to the stepwise ΔG(298.15 K) is −0.86 kcal/mol for H 2 SO 4 −MA compared with −0.32, −0.34, −0.28, −0.39, −0.27, and −0.35 for H 2 SO 4 −MA(H 2 O) n=1−6 , respectively. However, this scaling approach is still significantly better than the alternatives such as excluding anharmonicity corrections altogether or applying scaling factors developed for non-hydrogen-bonded systems.
3.4. Atmospheric Abundance and Implications for Aerosol Formation. On the basis of the scaled harmonic stepwise Gibbs free energies of hydration given at the bottom of Table 3 , we calculated the equilibrium hydrate populations for a given concentration of H 2 SO 4 , CH 3 NH 2 , and H 2 O at a standard state of 1 atm pressure and temperature (T). The temperature and relative humidity (RH) range studied here are representative of what is observed in the troposphere: T = 216. 65, 273.15, 298.15 K and RH = 20, 50, 80 , and 100%. 3 The number concentration of water vapor at saturation (RH = 100%) corresponds to 9.89 × 10 14 cm −3 , 1.62 × 10 17 cm −3 , and 7.70 × 10 17 cm −3 at the three temperatures. 3 The typical concentration of H 2 SO 4 in the lower troposphere is 10 6 to 10 7 cm −3 , and it decreases to 10 5 cm −3 at the tropopause. 26, 77 Experimental measurements of the gas-phase concentration of MA are rare, and the latest chemical ionization mass spectrometer (CIMS) measurements report that it should be 10 7 cm −3 or lower. 78 The equilibrium hydrate populations under atmospherically relevant conditions are determined by solving the mass-balance equations. The distribution at of H 2 SO 4 hydrates plotted in Figure 10a indicates that the most prevalent species in this closed system are unhydrated (n = 0) H 2 SO 4 and monohydrate (n = 1), even though the dihydrate (n = 2) and trihydrate (n = 3) are present in appreciable amounts at larger RH values. 52 Figure 10b shows that the dihydrate, H 2 SO 4 (MA)(H 2 O) 2 is by far the most abundant species among the H 2 SO 4 −MA clusters. As Figure 8 While the focus here has been on the effect of MA in enhancing the hydration of H 2 SO 4 , the role of water in stabilizing small clusters becomes less important in the presence of an amine like MA that binds strongly to sulfuric acid. Both water and MA compete to bind to sulfuric acid, and have suggested that the mechanism to enable and enhance aerosol formation is through base-stabilization. In this mechanism, sulfuric acid and amines are present in a 1:1 ratio in the early steps of aerosol formation. 10−12 Our finding suggests that methylamine promotes the hydration of H 2 SO 4 while also stabilizing small clusters. To fully investigate this base stabilization mechanism, one would need to examine the thermodynamics with multiple sulfuric acids and amines present together − (H 2 SO 4 ) p (CH 3 NH 2 ) q , where p > 1 and q > 1. Recent works investigating the thermodynamics of cluster formation not only along the water coordinate (hydration) but also along the sulfuric acid and amine coordinates provide more reliable insight into the role of amines. 79−82 In addition, examining the growth and evaporation kinetics of clusters is important. 83 
CONCLUSIONS
The hydration of a system of sulfuric acid (H 2 SO 4 ) and methylamine (NH 2 CH 3 ) with up to six waters was investigated to assess the role of ternary species on aerosol formation. By combining MD sampling with high-level ab initio calculations, the thermodynamics of forming H 2 SO 4 (NH 2 CH 3 )(H 2 O) n clusters was determined. As a strong acid−base system, H 2 SO 4 −NH 2 CH 3 quickly forms a tightly bound HSO 4 − − NH 3 CH 3 + complex, on which water condenses more readily than it would on H 2 SO 4 alone. Even though adding one to two water molecules to an H 2 SO 4 −NH 2 CH 3 cluster is more favorable than for H 2 SO 4 alone, there is no systematic difference for n ≥ 3. This is because additional waters bridge the acid−base cluster, separating the acid and base and moving the charged ions further apart. The assessment of the basestabilization mechanism that has been proposed to explain the enhancing effect of amines requires an investigation of larger systems containing sulfuric acid and amines in a 1:1 ratio.
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